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Objectives. This study sought to explore the separate and com-
bined effects of changes in preload, afterload and contractility on
the dynamics of systolic bulging.
Background. The extent of ischemic systolic bulging has been
shown to be mechanically disadvantageous to left ventricular
pump performance. The factors that determine ischemic segmen-
tal wall motion have not been systematically studied.
Methods. Fourteen beagles were instrumented with sonomi-
crometers, micromanometer pressure gauges and a balloon in the
inferior vena cava. Regional function was evaluated before and
after 90 s of proximal left circumflex coronary artery occlusion.
Occlusions were repeated after increasing systolic pressure by 5 to
10 (afterload I) and 15 to 20 mm Hg (afterload II) with graded
aortic occlusion during inotropic stimulation with dobutamine
(2.5 and 5 mg/kg body weight per min intravenously), with simul-
taneous 5-mg/kg per min dobutamine infusion and afterload II
and during 2.5% halothane (negative inotrope) concentration. A
20-min recovery period was allowed between each stage of the
experiment so that regional function returned to its preocclusion
level. Ischemic wall motion was characterized by percent systolic
bulging and its peak positive systolic lengthening rate (1dL/dt).
Results. Because bulging is markedly influenced by regional preload,
systolic bulging was characterized over a wide range of end-diastolic
lengths of the ischemic segment during caval balloon occlusion. During
each intervention, a decrease in regional preload increased the extent of
percent systolic bulging. This preload dependencywasmore pronounced
with dobutamine infusions. An increase in afterload was not associated
with increased percent systolic bulging at any given preload. At a
predetermined preload, bulging was not appreciably altered when an
increase in left ventricular systolic pressure was not associated with a
change in peak positive first derivative of left ventricular pressure
(1dP/dt) but was significantly worse when peak 1dP/dt increased.
Dobutamine caused a dose-dependent increase in percent systolic bulg-
ing and peak 1dL/dt that was positively correlated with peak 1dP/dt.
Conclusions. By using different loading and inotropic interven-
tions and analyzing the regional wall motion behavior over a
range of regional preloads, we can conclude that preload and rate
of pressure (tension) development are the principal determinants
of systolic bulging. Increases in left ventricular pressure alone had
a minimal effect on systolic bulging.
(J Am Coll Cardiol 1997;29:846–55)
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The motion of an acutely ischemic region of the left ventricle
is characterized by bulging during isovolumetric systole, vari-
able shortening during ejection and inward motion during
isovolumetric relaxation (1–3). Of all the factors that deter-
mine the motion of the ischemic segment, those that affect the
extent of systolic bulging have received the least attention. This
factor appears to be relevant inasmuch as there is evidence to
suggest that the magnitude of systolic bulging may be impor-
tant to overall pump performance. Bogen et al. (4) predicted
that left ventricular pump performance after ischemia of
moderate to large areas of myocardium will decrease in
proportion to increases in infarct zone distensibility. They
further suggested that the greater the extent of ischemic
bulging the more the adjacent nonischemic region will be
subjected to increases in regional wall stress. This in turn would
be expected to impair shortening (4) and to increase myocardial
oxygen requirements (5,6).Moreover, it is believed that the extent
of dyskinesia of the infarct zone may contribute to the risk of
myocardial rupture after myocardial infarction (7–9).
Much speculation surrounded the factors that determine
the motion of the ischemic segment in the past (1,10–15), but
it is now generally accepted that the motion of this segment
parallels the changes in its tension–length relation (16). Bulg-
ing is limited when the ischemic region operates on the steep
part of the tension–length curve, whereas a larger bulge ensues
when the segment is on the more compliant portion of the
curve (15–17). The extent of bulging is therefore inversely
proportional to the regional preload of the ischemic zone and
From the Clinica Medica I, University of Pavia, Pavia, Italy; and ‡Department
of Cardiovascular Medicine and Nuffield Department of Anaesthetics, Radcliffe
Infirmary, University of Oxford, Oxford, England, United Kingdom. This study was
supported in part by Medical Trustees, University of Oxford. Dr. Perlini was a
recipient of the Bristol-Myers Squibb Cardiovascular Fellowship Award, Bristol-
Myers Squibb, Milan, Italy. Dr. Meyer was a Nuffield Dominion Scholar, University
of Oxford.
Manuscript received October 11, 1995; revised manuscript received October
4, 1996, accepted December 4, 1996.
*Present address: Division of Cardiology, IRCCS Ospedale Maggiore, Via
Francesca Sforza, 20122 Milan, Italy.
†Present address and address for correspondence: Dr. Theo E. Meyer,
Division of Cardiology, Department of Medicine, University of Massachusetts
Medical Center, 55 Lake Avenue North, Worcester, Massachusetts 01655.
E-mail: Theo.Meyer@banyan.ummed.edu.
JACC Vol. 29, No. 4
March 15, 1997:845–55
846
q1997 by the American College of Cardiology 0735-1097/97/$17.00
Published by Elsevier Science Inc. PII S0735-1097(96)00569-4
is influenced by changes in left ventricular afterload (18). In
contrast, relatively little is known about the effects of changes
in inotropy on systolic bulging.
On the basis of observations from an earlier study from this
laboratory (19), in which it was shown that the behavior of one
segment is influenced by the pattern of contraction and
relaxation of an opposing segment, we hypothesized that
systolic bulging of an ischemic segment is likely to be enhanced
by inotropic stimulation of the nonischemic regions. To this
end, the separate and combined effects of changes in preload,
afterload and contractility on the dynamics of systolic bulging
were examined.
Methods
Surgical preparation. The experiments were conducted in
conformity with the Animals (Scientific Procedures) Act of
1986 (United Kingdom) and the “Position of the American
Heart Association on Research Animal Use” adopted by the
Association in November 1984. Fourteen adult beagles, weigh-
ing 16 to 21 kg, were premedicated with 0.1 mg/kg body weight
of morphine sulfate and anesthetized with 15 to 20 mg/kg of
thiopental. Respiration was maintained by an Oxford-Penlon
respirator at a rate of 12 breaths/min with a tidal volume of 40
ml/kg. The methodology of the open chest model has been
previously described (19,20). Briefly, the dogs were anesthe-
tized with 1.0% to 1.2% halothane in a mixture of oxygen
(33%) in nitrogen with sufficient carbon dioxide to maintain
normocarbia. End-tidal carbon dioxide concentration was con-
tinuously monitored by an infrared carbon dioxide analyzer
(Gould Electronic, Bithoven, The Netherlands), and ventila-
tion was adjusted to maintain its value between 4.5% and
5.5%.
After a left thoracotomy was performed through the fifth
intercostal space, the pericardium was opened, and the heart
was suspended in a pericardial cradle. An appropriately sized
electromagnetic flow transducer (Transflow 601, Skalar Med-
ical, Delft, Holland) attached to a flowmeter (S.E.M. 275, S.E.
Medics, Feltham, UK) was placed around the proximal aorta.
A 7F micromanometer (Millar mikro-Tip) was passed through
the left common carotid artery to within 1 cm of the aortic
valve. A high fidelity micromanometer (Konigsberg P-7,
Konigsberg Instruments Inc.) and a stiff 8F polyethylene
catheter (Portex) were inserted into the left ventricle through
the apex. The fluid-filled catheter was connected to a strain-
gauge transducer (PDCR 75, Druck Ltd., Groby, Leicester-
shire, UK) to obtain zero reference pressure and to calibrate
the micromanometer. Before insertion, both micromanom-
eters were left in 378C saline for at least 30 min and were
calibrated against a mercury column, and their zero readings
were recorded. The right femoral vein was isolated to insert a
12F Foley catheter with a 4-ml balloon into the inferior vena
cava at the level of the hepatic veins, and the position of the
balloon was later checked by ensuring that its inflation was
associated with a gradual reduction in aortic pressure of
;25 mm Hg. A clamp with an adjustable occluder was placed
around the thoracic aorta, just distal to the left subclavian
artery, for graded aortic constriction.
A segment of the left circumflex coronary artery near its
origin, and proximal to the first marginal branch, was mobi-
lized for the placement of a snare (3-0 woven Dacron) for
abrupt occlusions. Regional myocardial function was measured
by sonomicrometry (21) with two pairs of piezoelectric-length
crystals (Triton Technologies) that were placed in the suben-
docardium perpendicular to the long axis and in the circum-
ferential direction of the midwall hoop axis. One pair was
placed in the apical region within the perfusion bed of the left
anterior descending coronary artery and the other in the
opposite apical region within the perfusion bed of the left
circumflex coronary artery.
Monitoring and recording equipment. The electrocardio-
gram, aortic pressure, aortic flow, left ventricular pressure and
segmental dimensions in the left anterior descending and left
circumflex coronary artery territories were continuously mon-
itored. Pressure–length loops from both myocardial regions
were continuously displayed on an oscilloscope (OS 410,
Gould, Essex, UK). The signals were acquired on a Macintosh
IIx computer (Apple Inc.) equipped with a 5-megabyte random
access memory (RAM) and a 60-megabyte hard disk, with
12-bit analog/digital converter (NB-M10-16 board, National
Instruments) at a sampling frequency of 500 Hz. After on-line
visual control of the quality of each recording, the data were
stored on a hard disk for subsequent off-line analysis. Each
signal was calibrated at the beginning and end of the experi-
ment to ensure that no relevant drift had occurred. The
implemented software for data acquisition, storage and display
and for performing the various computations was written in
“C” language by members of our group (University of Pavia).
Data collection and measurements. End-diastole was de-
fined as coincident with the R wave of the ECG, onset of
ejection as the time of the first positive deflection of the aortic
flow signal and end-ejection as the time when the aortic flow
signal returned to zero (Fig. 1). Using these definitions, the
following myocardial segment lengths were measured: end-
diastolic length (EDL), isovolumetric length (ISOL) and end-
ejection length (EEjL). Maximal systolic length (Lmax), defined
as the maximal length at any point during systole, was also
measured. Ventilation was suspended in end-expiration for the
duration of data acquisition to avoid confounding effects due
to respiration. All length measurements were digitized and
normalized to an initial end-diastolic length of 10 mm. Percent
Abbreviations and Acronyms
dL/dt 5 first derivative of systolic lengthening rate of myocardial
segment
1dL/dt 5 peak positive dL/dt
dP/dt 5 first derivative of left ventricular pressure
1dP/dt 5 peak positive dP/dt
ECG 5 electrocardiogram
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systolic, isovolumetric and ejection shortening and percent
systolic bulging were calculated as follows:
% Systolic shortening 5 ~EDL2 EEjL!/EDL3 100;
% Isovolumetric shortening 5 ~EDL2 ISOL!/EDL3 100;
% Ejection shortening 5 ~ISOL2 EEjL!/EDL3 100;
% Systolic bulging 5 ~Lmax2 EDL!/EDL3 100.
The first derivatives of left ventricular pressure (dP/dt) and
myocardial segment lengthening rate (dL/dt) were obtained by
a five-weight central position digital algorithm (22). The peak
positive dL/dt of the ischemic segment (1dL/dt) was derived as
an index of the velocity of the systolic bulging of the dyskinetic
area.
Experimental protocol. After operation, 30 min was al-
lowed for stabilization at a left ventricular end-diastolic pres-
sure of 10 to 12 mm Hg before baseline hemodynamic vari-
ables and measurements of regional function were recorded.
The left circumflex coronary artery was then occluded for 90 s,
and the same measurements were obtained before and during
caval balloon inflation. The coronary snare was then released
(total occlusion time was usually no longer than 110 s), and
20 min was allowed for complete recovery. A clamp with an
adjustable occluder was then positioned around the thoracic
aorta, and the occluder was tightened to increase the aortic
systolic pressure by 5 to 10 mm Hg (afterload I). After 10 min,
a new set of measurements was recorded. The occluder was
further tightened if the aortic pressure did not remain within
the predefined range. Then, the same recordings were made
after left circumflex coronary occlusion. After another 20 min,
the occluder was tightened to increase the aortic pressure by 15
to 20 mm Hg above baseline levels (afterload II). The same
sequence as that for afterload I was followed for afterload II.
The aortic occluder was then released.
After baseline measurements returned to normal preocclu-
sion levels, dobutamine was administered at a dose of 2.5 mg/kg
per min. After 10 min of stable hemodynamic variables, the
same measurements were recorded before and after left cir-
cumflex coronary artery occlusion. After another 20-min reper-
fusion period, dobutamine was administered at a dose of
5 mg/kg per min, and the same recordings were obtained. After
20 min of recovery, the aortic occluder was tightened again to
increase aortic pressure by 20 to 25 mm Hg during dobutamine
infusion at 5 mg/kg per min, and the same protocol was
repeated (dobutamine1afterload II). Finally, the effects of the
negative inotrope halothane were evaluated in four beagles by
increasing its concentration in the inspired gas mixture from
1% to 2.5%.
At the end of each study, the segment of dissected left
circumflex coronary artery was cannulated with a 24G catheter
(Criticon, Jelco intravenous catheter), the proximal segment of
the artery was ligated, and 5 ml of Evans blue dye was injected
distal to the coronary snare. The subendocardial staining was
used to delineate the extent of left circumflex perfused myo-
cardium and to verify that the crystals were within the regions
supplied by the occluded artery and the normally perfused
area. The positions of the crystals were examined to confirm
the proper subendocardial and transmural alignment.
Characterization of preload dependence of ischemic wall
motion. During each of the different stages of the experiment,
the extent of systolic bulging was plotted against a wide range
of end-diastolic lengths obtained during caval balloon inflation.
Because ischemia affects regional preload and afterload as well
as left ventricular pressure, we wished to further characterize
the effects of inotropy and left ventricular systolic pressure on
the extent of systolic bulging at a predefined end-diastolic
length. To this end, three consecutive beats were identified
during slow vena cava occlusions in all stages of the experiment
that approximated the control end-diastolic length of the
ischemic segment (10 mm). In these beats, left ventricular
systolic pressure, peak 1dP/dt, peak velocity of ischemic
segmental wall motion, extent of bulging and regional stroke
work in both ischemic and nonischemic regions were mea-
sured.
Regional stroke work was computed by planimetry of the
pressure–length loop using a digitizing pad (Dextra 300 Work-
station, Dextra Medical Inc.). The end-diastolic pressure–
length point was taken as the reference to assign positive and
negative regional work. A positive value was assigned to the
areas in which the segment length was below its end-diastolic
length (shortening), whereas a negative value was assigned to
Figure 1. Methods used to define timing of end-diastole (ED), end of
isovolumetric systole (ISO) and end-ejection (EEj). From these defi-
nitions, myocardial segment lengths and indexes of shortening and
lengthening were obtained. Hatched area5 systolic wall motion of the
ischemic segment (bulging). ECG 5 electrocardiogram; LV 5 left
ventricular.
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the areas in which the segment length was above its end-
diastolic length (bulging).
Statistical analysis. Results are mean value 6 SEM. All
comparisons between the different interventions were sub-
jected to repeated measures analysis of variance and corrected
by the Bonferroni method for multiple comparisons (23). The
paired t test was used to detect differences before and after left
circumflex coronary artery occlusions. Linear regression anal-
ysis was used to correlate variables to each other, and a partial
F test was used to determine whether the slopes of the
regression analyses had values that were different from zero
(24). To tease out the potential hemodynamic determinants of
systolic bulging, multivariate regression analysis was per-
formed to assess the simultaneous effects of end-diastolic
pressure, peak 1dP/dt and peak left ventricular pressure on
percent systolic bulging (24). To this end, these hemodynamic
variables were obtained during caval balloon occlusion in 1,255
heart beats collectively acquired from all beagles during each
stage of the experiment; p , 0.05 indicated statistical signifi-
cance.
Results
Hemodynamic data. Left circumflex coronary artery occlu-
sion did not produce bulging of the ischemic segment in two
dogs; three dogs fibrillated during ischemia; and in one dog,
the data acquisition was incomplete. These dogs were subse-
quently excluded from the analysis. Thus, the data presented
here are those for eight dogs in which data from all the phases
of the experiment were recorded.
Hemodynamic variables during the different phases of the
experiment are presented in Table 1. Aortic constriction
increased peak systolic left ventricular pressure by 6 mm Hg
during afterload I and by 16 mm Hg during afterload II. Heart
rate and peak 1dP/dt remained unchanged. Dobutamine
increased left ventricular systolic pressure by 23 mm Hg at a
dose of 2.5 mg/kg per min and by 25 mm Hg at a dose of
5 mg/kg per min. Aortic constriction at 5 mg/kg per min of
dobutamine resulted in a further 26-mm Hg increase in left
ventricular systolic pressure. As expected, dobutamine resulted
in a significant and dose-dependent increase in peak 1dP/dt
but only a modest increase in heart rate. In the four dogs in
which the negative inotropic effects of 2.5% halothane were
evaluated, peak 1dP/dt was decreased by 41% and systolic left
ventricular pressure by 31 mm Hg, whereas heart rate did not
change.
During all stages of the experiment, left circumflex coronary
artery occlusion was associated with a significant decrease in
left ventricular systolic pressure and 1dP/dt, whereas end-
diastolic pressures increased. There was no difference in the
extent by which these hemodynamic variables changed during
each intervention. Heart rate did not significantly change with
each coronary occlusion.
Regional function. The changes in length during the dif-
ferent phases of the study are shown in Table 2 for the left
anterior descending coronary artery territory and in Table 3 forTa
bl
e
1.
H
em
od
yn
am
ic
D
at
a
(m
ea
n
6
SE
M
)
C
on
tr
ol
LC
x
O
c
D
P-
I
LC
x
O
c
D
P-
II
LC
x
O
c
D
2.
5
LC
x
O
c
D
5
LC
x
O
c
D
51
D
P-
II
LC
x
O
c
H
al
o
(n
5
4)
LC
x
O
c
H
R
12
6
6
7
12
8
6
7
12
6
6
7
13
0
6
9
12
7
6
7
13
4
6
10
14
3
6
6
14
6
6
6
15
0
6
9
15
7
6
10
15
0
6
13
15
9
6
11
12
5
6
13
12
2
6
16
LV
P
10
3
6
5
82
6
4*
10
9
6
5
87
6
5*
10
3
6
5
94
6
6*
12
6
6
1‡
10
2
6
4*
12
8
6
9‡
10
3
6
5*
15
4
6
5‡
§\
12
0
6
4*
72
6
9‡
57
6
6†
E
D
P
10
.5
6
0.
9
14
.5
6
0.
8†
10
.5
6
0.
7
15
.9
6
1.
4†
10
.6
6
1.
0
19
.3
6
1.
7†
14
.7
6
2.
1
21
.7
6
2.
3†
11
.9
6
2.
1
17
.6
6
2.
4†
15
.1
6
2.
1
21
.0
6
2.
3†
11
.6
6
1.
6
14
.0
6
1.
5
1
dP
/d
t
1.
70
9
6
69
1,
20
8
6
72
*
1,
59
0
6
10
5
1,
19
2
6
11
4†
1,
65
9
6
81
1,
22
8
6
12
5†
2,
41
7
6
18
9‡
1,
85
1
6
98
*
2,
79
4
6
17
1‡
§
2,
03
7
6
12
0*
2,
67
2
6
15
3‡
2,
10
8
6
11
3*
1,
01
1
6
25
8¶
71
0
6
19
2†
*p
,
0.
01
,†
p
,
0.
05
,l
ef
tc
irc
um
fle
x
co
ro
na
ry
ar
te
ry
oc
cl
us
io
n
(L
C
x
O
c)
ve
rs
us
pr
e-
LC
x
O
c
fo
re
ac
h
in
te
rv
en
tio
n.
‡p
,
0.
01
,¶
p
,
0.
05
ve
rs
us
C
on
tr
ol
.§
p
,
0.
01
,d
ob
ut
am
in
e,
5
m
g/
kg
pe
rm
in
(D
5)
ve
rs
us
do
bu
ta
m
in
e,
2.
5
m
g/
kg
pe
rm
in
(D
2.
5)
.\
p
,
0.
01
,D
5
pl
us
in
cr
ea
se
in
ao
rt
ic
pr
es
su
re
of
15
to
20
m
m
H
g
du
rin
g
de
sc
en
di
ng
ao
rt
ic
co
ns
tr
ic
tio
n
(D
P-
II
)v
er
su
sD
5
al
on
e.
E
D
P
5
en
d-
di
as
to
lic
le
ft
ve
nt
ric
ul
ar
pr
es
su
re
(L
V
P)
(m
m
H
g)
;h
al
o
5
2.
5%
ha
lo
th
an
e;
H
R
5
he
ar
tr
at
e
(b
ea
ts
/m
in
);
1
dP
/d
t(
m
m
H
g/
s)
5
fir
st
de
riv
at
iv
e
of
pe
ak
po
sit
iv
e
LV
P;
D
P-
I
5
in
cr
ea
se
in
ao
rt
ic
pr
es
su
re
of
5
to
10
m
m
H
g
du
rin
g
de
sc
en
di
ng
ao
rt
ic
co
ns
tr
ic
tio
n.
Ta
bl
e
2.
R
eg
io
na
lF
un
ct
io
n
in
Le
ft
A
nt
er
io
r
D
es
ce
nd
in
g
C
or
on
ar
y
A
rt
er
y
Te
rr
ito
ry
(m
ea
n
6
SE
M
)
C
on
tr
ol
LC
x
O
c
D
P-
I
LC
x
O
c
D
P-
II
LC
x
O
c
D
2.
5
LC
x
O
c
D
5
LC
x
O
c
D
51
D
P-
II
LC
x
O
c
H
al
o
(n
5
4)
LC
x
O
c
E
D
L
(m
m
)
10
.0
6
0
10
.7
6
6
0.
15
*
10
.1
7
6
0.
18
10
.9
9
6
0.
23
*
10
.3
7
6
0.
21
11
.1
1
6
0.
23
*
9.
74
6
0.
44
10
.7
0
6
0.
37
*
9.
09
6
0.
41
§
10
.3
9
6
0.
44
*
9.
68
6
0.
27
10
.6
7
6
0.
30
*
9.
73
6
0.
39
10
.1
4
6
0.
14
†
IS
O
L
(m
m
)
9.
73
6
0.
09
10
.2
0
6
0.
17
†
9.
85
6
0.
21
10
.3
9
6
0.
22
†
9.
95
6
0.
22
10
.4
3
6
0.
20
9.
20
6
0.
44
\
9.
81
6
0.
40
†
8.
41
6
0.
44
‡\
9.
35
6
0.
49
†
8.
96
6
0.
26
§
9.
58
6
0.
25
†
8.
81
6
0.
47
9.
54
6
0.
16
†
E
E
jL
(m
m
)
6.
86
6
0.
37
7.
01
6
0.
21
7.
59
6
0.
41
7.
46
6
0.
13
7.
85
6
0.
38
‡
7.
58
6
0.
15
6.
39
6
0.
28
\
6.
22
6
0.
22
5.
71
6
0.
28
¶\
6.
00
6
0.
21
6.
23
6
0.
38
\
6.
20
6
0.
30
6.
68
6
0.
47
6.
78
6
0.
47
%
SS
31
.4
6
3.
7
34
.7
6
2.
1†
25
.5
6
3.
5
31
.9
6
2.
0†
24
.3
6
3.
5‡
31
.6
6
2.
0†
33
.8
6
3.
2
41
.5
6
2.
7†
36
.4
6
4.
3‡
\
41
.7
6
2.
9†
35
.5
6
4.
1\
41
.7
6
3.
4†
31
.5
6
2.
2
29
.4
6
0.
7
%
IS
O
S
2.
7
6
0.
9
5.
2
6
0.
5†
3.
2
6
0.
8
5.
4
6
0.
6†
4.
1
6
0.
8
6.
0
6
0.
5†
5.
5
6
1.
6
8.
4
6
1.
5†
7.
6
6
1.
4‡
10
.3
6
1.
7†
7.
3
6
2.
2‡
10
.1
6
1.
4†
9.
5
6
1.
7
5.
9
6
0.
5†
*p
,
0.
01
,†
p
,
0.
05
,l
ef
tc
irc
um
fle
xc
or
on
ar
ya
rt
er
yo
cc
lu
sio
n
(L
C
xO
c)
ve
rs
us
pr
e-
LC
xO
c.
‡p
,
0.
05
,¶
p
,
0.
01
ve
rs
us
C
on
tr
ol
.§
p
,
0.
00
5,
\p
,
0.
01
ve
rs
us
in
cr
ea
se
in
ao
rt
ic
pr
es
su
re
of
15
to
20
m
m
H
g
du
rin
g
de
sc
en
di
ng
ao
rti
c
co
ns
tri
ct
io
n
(D
P-
II
).
ED
L
5
en
d-
di
as
to
lic
le
ng
th
;E
Ej
L
5
en
d-
ej
ec
tio
n
le
ng
th
;I
SO
L
5
iso
vo
lu
m
et
ric
le
ng
th
;%
IS
O
S
5
pe
rc
en
ti
so
vo
lu
m
et
ric
sh
or
te
ni
ng
;%
SS
5
pe
rc
en
ts
ys
to
lic
sh
or
te
ni
ng
;o
th
er
ab
br
ev
ia
tio
ns
as
in
Ta
bl
e
1.
849JACC Vol. 29, No. 4 PERLINI ET AL.
March 15, 1997:845–55 DETERMINANTS OF ISCHEMIC SYSTOLIC BULGING
the left circumflex coronary artery territory. Aortic constriction
(afterload II) increased end-ejection length of the left anterior
descending territory and decreased fractional systolic shorten-
ing in both regions. Dobutamine (5 mg/kg per min) decreased
end-ejection length and increased percent systolic shortening
in the left anterior descending territory. Aortic constriction
during dobutamine (5 mg/kg per min) did not produce changes
in segmental shortening in either coronary territory. In con-
trast, 2.5% halothane decreased end-ejection length and sys-
tolic shortening in the left circumflex but not the left anterior
descending territory.
Nonischemic zone. During all stages of the experiment, the
nonischemic zone dilated during circumflex artery occlusions,
and percent systolic shortening increased, with the exception of
the phase during which the halothane concentration was
increased from 1% to 2.5%. Although there was a relatively
greater increase in end-diastolic lengths with low and high dose
dobutamine infusions, the extent of regional dilation with
ischemia in this territory was not different between the various
stages of the experiment. Percent isovolumetric shortening
increased during all circumflex occlusions, except during 2.5%
halothane.
Ischemic zone. As expected, the ischemic zone dilated
significantly during coronary occlusion. However, there was no
clear difference in the extent by which the segment dilated
between the different interventions. The systolic behavior of
the ischemic zone was characterized in terms of 1) wall motion
at the time of isovolumetric systole and at end-ejection; 2) its
maximal systolic bulging; and 3) its peak lengthening rate (Fig. 1).
The extent by which this segment lengthened during iso-
volumetric systole varied significantly among the different
interventions. An increase in isovolumetric bulge was observed
only with the dobutamine-related interventions. Ischemic zone
bulging was not holosystolic during control and afterload I
occlusions because this region still showed minimal shortening
during systole. In contrast, bulging was holosystolic with the
other interventions. Percent systolic bulging did not differ from
control occlusion with afterload I, afterload II and halothane
2.5%, whereas it was significantly increased with the dobutamine-
related interventions.
Regional function and hemodynamic data after the recov-
ery period that followed each coronary occlusion and before
the next intervention are presented in Table 4. From these
data, it is apparent that the animal preparation remained
stable throughout the course of the experiment.
Characterization of the preload dependence of ischemic wall
motion. Because it has been shown (17) that systolic bulging is
preload dependent, we plotted the percent systolic bulging
versus end-diastolic length for each intervention during caval
balloon inflation. A representative example is shown in Figure
2. It is clear from Figure 2 that an inverse relation exists
between percent systolic bulging and end-diastolic length with
all interventions. At any given end-diastolic length, the extent
of systolic bulge was much larger during dobutamine-related
interventions than during increases in afterload. In contrast,
halothane reduced the magnitude of systolic bulging. AnTa
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increase in afterload during dobutamine infusion at 5 mg/kg
per min was not associated with a further increment in the
extent of systolic bulging.
Dobutamine-related interventions increased the slope of
the inverse relation between percent systolic bulging and
end-diastolic length. For example, dobutamine (5 mg/kg per
min) increased the slope from 21.95 6 0.11 to 23.57 6 0.18%
systolic bulging/mm (p , 0.01). Conversely, the slope of this
relation was not affected by changes in afterload (afterload II:
21.956 0.11 vs.22.206 0.11% systolic bulging/mm, p5 NS).
To control for changes in regional preload, left ventricular
systolic pressure, peak 1dP/dt, percent systolic bulging, peak
lengthening rate and regional stroke work data were obtained
at a predefined end-diastolic length of 10 mm (Table 5). At this
regional preload, bulging was holosystolic in all experimental
conditions of the study. The extent of systolic bulging was not
affected by the afterload-related interventions, whereas dobut-
amine infusions caused a marked dose-dependent increase in
percent systolic bulging. Aortic constriction during dobut-
amine infusion had no additional effect. In contrast to the
effects of dobutamine, the magnitude of the ischemic zone
bulge decreased with halothane. These changes in systolic
bulging were paralleled by changes in the peak lengthening
rate of the ischemic segment, which increased during dobut-
amine infusions, decreased during the halothane intervention
and was unchanged after the afterload interventions.
Of note is that when regional preload was controlled,
interventions that resulted in comparable increases in left
ventricular systolic pressure (i.e., low dose dobutamine and
afterload II) had strikingly different effects on systolic bulging,
peak lengthening rate and regional stroke work. The impact of
each intervention on percent systolic bulging, peak lengthening
rate and ischemic regional stroke work appeared to be depen-
dent on its effect on peak 1dP/dt.
During all experimental conditions, regional stroke work of
the ischemic zone had a negative value, which suggests that this
segment effectively lengthened during the course of systole.
Regional stroke work was not affected by afterload-related
interventions but became more negative during dobutamine
infusions and more positive with halothane. The change in
negative regional stroke work of the ischemic segment paral-
leled the change in positive regional stroke work of the
nonischemic region (Table 5). These changes in the ischemic
and nonischemic regions are graphically illustrated in Figure 3,
in which a representative example of the effects of different
interventions on pressure–length loops is shown.
Determinants of systolic bulging. When hemodynamic
data from all interventions were subjected to multivariate
analysis, 80.5% of the total variance of systolic bulging was
explained by the variations in peak 1dP/dt, end-diastolic
pressure and peak left ventricular pressure (Table 6). Although
all three variables independently contributed to the extent of
systolic bulging, peak left ventricular pressure was by far the
least important. When the analysis incorporated the potential
influence of the interactions between these three hemody-
namic variables, 83.0% of the total variance of systolic bulging
was accounted for. The most important and obvious interac-
tion was that between peak systolic pressure and peak 1dP/dt.
Figure 2. Scatterplot showing the relation between percent systolic
bulging and end-diastolic length of the ischemic segment for each
intervention during caval balloon inflations in one representative dog.
The extent of systolic bulging is inversely related to the end-diastolic
length of the ischemic segment. At any given end-diastolic length,
dobutamine-related interventions markedly increased the extent of
systolic bulging, whereas the effects of afterload interventions were
much less marked. Conversely, halothane reduced the magnitude of
systolic bulging over the range of end-diastolic lengths obtained. Ctrl5
control occlusion; D 2.5 5 dobutamine, 2.5 mg/kg per min; D 5 5
dobutamine, 5 mg/kg per min; Haloth 5 2.5% halothane; DP-I 5
afterload I; DP-II 5 afterload II.
Table 4. Hemodynamic Variables and Regional Function Before Each Intervention
HR
(beats/min)
LVP
(mm Hg)
EDP
(mm Hg)
1dP/dt
(mm Hg/s)
LAD Territory LCx Territory
EDL (mm) EEjL (mm) %SS EDL (mm) EEjL (mm) %SS
Control 126 6 7 103 6 5 10.5 6 0.9 1,709 6 69 10.0 6 0 6.86 6 0.37 31.4 6 3.7 10.0 6 0 7.54 6 0.20 24.6 6 2.0
Pre-DP-I 125 6 6 101 6 5 10.8 6 0.9 1,697 6 73 9.90 6 0.08 7.02 6 0.29 30.6 6 2.5 10.06 6 0.13 7.95 6 0.29 21.2 6 2.3
Pre-DP-II 127 6 7 103 6 5 10.6 6 1.0 1,659 6 81 10.12 6 0.19 7.04 6 0.38 30.2 6 2.5 10.08 6 0.11 8.07 6 0.28 20.4 6 2.2
Pre-D2.5 125 6 8 101 6 6 10.7 6 1.1 1,677 6 81 10.15 6 0.21 7.06 6 0.22 29.3 6 4.5 9.80 6 0.11 7.86 6 0.15 19.7 6 1.8
Pre-D5 124 6 8 103 6 7 11.1 6 1.1 1,595 6 86 10.12 6 0.22 7.10 6 0.30 30.3 6 2.2 10.08 6 0.18 7.73 6 0.20 23.3 6 1.5
Pre-D51DP-II 126 6 10 105 6 7 11.5 6 1.3 1,709 6 98 10.09 6 0.28 6.92 6 0.31 30.5 6 2.3 9.69 6 0.18 7.52 6 0.31 22.5 6 2.1
Pre-Halo (n 5 4) 126 6 7 98 6 5 11.5 6 0.7 1,612 6 79 10.23 6 0.26 7.13 6 0.34 28.3 6 2.5 10.33 6 0.16 8.53 6 0.14 19.3 6 2.2
Data presented are mean value 6 SEM. LAD 5 left anterior descending coronary artery; other abbreviations as in Tables 1 and 2.
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Discussion
Methodologic considerations. The unique architectural ar-
rangement of myocardial fibers of the left ventricle provides a
time-sequenced contraction pattern that optimizes ventricular
ejection (25). Under normal physiologic conditions, consider-
able asynchrony has been observed during left ventricular
contraction and relaxation (26,27). This asynchrony is not only
due to the nonuniformity in the onset of myocardial activation
over the left ventricle, but also to regional differences in
geometry and load (26). However, to function optimally the
heart can tolerate only a limited degree of nonuniformity
before it loses efficiency, and with severe degrees of nonuni-
formity (namely, with myocardial ischemia), the overall cardiac
performance is not only determined by the wall motion of the
acutely dysfunctioning segment, but also by its interaction with
the normal regions. Such interaction would be expected to be
influenced by the spatial and temporal behavior of the abnor-
mal segment. Furthermore, the pattern of shortening and
lengthening of a myocardial region depends on its entire
loading pattern throughout systole, which among others, is
influenced by the behavior of an opposing region (19,20).
These arguments formed the basis of the present study.
It has been known since 1935 (1) that paradoxic systolic
lengthening or bulging replaces shortening during systole in
severely ischemic myocardial regions. It is now well docu-
mented that the extent of ischemic zone bulging is dependent
on the prevailing loading conditions (2,13,15–18). At a high
regional preload the ischemic tissue is less compliant and
bulging is decreased, whereas at a lower preload the tissue is
more compliant and bulging is increased (16). Furthermore,
Noma et al. (18) demonstrated that increases in the left
ventricular afterload produce increases in the magnitude of
bulging, albeit to a lesser extent than decreases in preload (27).
However, what has not been well established is to what extent
the magnitude of ischemic zone bulging may be affected by
changes in the contractile state of the left ventricle. This issue
may seem relatively straightforward to resolve; however, the
effects of the different interventions on regional load must be
taken into consideration. For instance, the bulge after an
extrasystole may be influenced by the longer diastole after the
premature beat, and hence by a higher preload, as well as by
the effect of postextrasystolic potentiation (28). Similarly, the
reduction in infarct zone dyskinetic wall motion that was
observed after parenteral beta-blockade by Grines et al. (9)
may be ascribed to either the negative inotropic action or to
the increase in end-diastolic volume induced by this interven-
tion, or to a combination of these effects.
Several points must be considered before the dynamic
effects of acute coronary occlusion on regional wall motion can
be studied. Bulging is likely to be affected by the size of acutely
ischemic myocardium (29–32), the relation between myocar-
dial oxygen demand and coronary perfusion (5,33), duration of
coronary occlusion (1,11,34), extent of collateral flow (35), the
possible effects of ischemic preconditioning, neurohumoral
background (13,36) and regional loading conditions (2,13,15–
18,29,37). Moreover, the tension–length relation in the isch-
emic area may vary with the size of the ischemic zone (31,32),
the site of ischemia (38) and whether there is myocardial
fibrosis or hypertrophy (16). To control for these variables, we
designed these experiments so that the same territory was
made ischemic for the same period time during each stage of
the experiment. To control for regional preload, systolic
bulging was characterized over a wide range of end-diastolic
lengths of the ischemic segment. For each intervention,
percent systolic bulging was plotted on a beat by beat basis
against its end-diastolic length during caval balloon inflation
(Fig. 2).
Effects of loading conditions and inotropic state on systolic
bulging. Using the aforementioned approach, the present
study confirms, in the first instance, the preload dependency of
ischemic systolic bulging (15–17). During each intervention, a
decrease in regional preload was associated with an increase in
the extent of systolic bulging. It became further apparent that
preload dependency is more pronounced with dobutamine
infusions, as was shown by the increase in the slope of the
relation between percent systolic bulging and end-diastolic
length. Any decrease in preload with dobutamine was associ-
ated with a greater increase in bulging than during control
coronary occlusion (Fig. 2). These findings on the preload
dependency of systolic bulging are even more noteworthy if
Table 5. Hemodynamic Data and Regional Function at an Ischemic Segment End-Diastolic Length of 10 Millimeters (Mean 6 SEM)
LVP
(mm Hg)
1dP/dt
(mm Hg/s)
Ischemic Segment
Nonischemic Segment:
Stroke Work
(mm Hg 3 mm)%Bulge 1dL/dt (mm/s)
Stroke Work
(mm Hg 3 mm)
Control Oc 73 6 3 1,094 6 56 7.35 6 2.19 18.1 6 3.8 215 6 9 301 6 33
DP-I Oc 76 6 5 1,097 6 64 7.45 6 2.25 17.0 6 3.7 218 6 10 286 6 26
DP-II Oc 93 6 4* 1,214 6 51 8.27 6 2.22 18.7 6 3.8 221 6 11 289 6 37
D2.5 Oc 92 6 4* 1,731 6 98*† 11.78 6 2.21*† 28.1 6 4.1*† 246 6 13* 427 6 19*
D5 Oc 97 6 4* 1,982 6 119*† 13.41 6 2.21*† 32.1 6 5.3*† 273 6 15* 480 6 23*
D51DP-II Oc 101 6 3*† 1,926 6 107*† 13.20 6 2.74*† 31.8 6 5.2*† 268 6 14*† 465 6 25*†
Halo Oc (n 5 4) 51 6 1* 590 6 79* 3.94 6 1.97‡ 10.9 6 4.3‡ 2566‡ 136 6 16*
*p , 0.01, ‡p , 0.05 versus control occlusion (Oc). †p , 0.01 versus increase in aortic pressure of 15 to 20 mm Hg during descending aortic constriction (DP-II).
1dL/dt 5 first derivative of peak positive myocardial segment length; other abbreviations as in Table 1.
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one considers that a decrease in preload is expected to be
associated with a decrease in peak 1dP/dt, another important
determinant of systolic bulging, and underscores the impor-
tance of regional preload as one of the principal determinants
of ischemic systolic wall motion.
The effects of afterload on systolic bulging were assessed
from a number of perspectives: 1) Bulging did not increase
after mild to modest increases in afterload or when afterload
was increased during dobutamine infusion (Table 3). 2) At the
predetermined preload, bulging was not appreciably altered
when left ventricular systolic pressure was increased by
;20 mm Hg (Table 5). 3) A modest increase in afterload had
no effect on the slope of the percent systolic bulge–end-
diastolic length relation. Because there was concern that the
modest increases in pressure introduced in these experiments
may have been insufficient to produce detectable changes in
systolic bulging, we assessed the effects of three hemodynamic
factors, including left ventricular pressure, on systolic bulging
by way of multivariate analysis. This analysis showed that
changes in peak left ventricular systolic pressure, independent
Figure 3. Pressure–length loops for nonischemic
(left panels) and ischemic (right panels) regions at a
comparable end-diastolic length of the ischemic seg-
ment in one representative beagle. Baseline pres-
sure–length loops are shown in panel A, control left
circumflex coronary occlusion in panel B, coronary
occlusion pressure–length loops during afterload II
and during dobutamine (5 mg/kg per min) infusion in
panels C and D, respectively. The segment length
axis is magnified in panels B, C and D to amplify the
ischemic wall motion during coronary occlusion. In
panels B, C and D, the ischemic segment showed
systolic bulging, but the effects of the afterload
(panel C) and the inotropic-related interventions
(panel D) were strikingly different, both in terms of
the extent of systolic lengthening of the ischemic
region and in terms of its pressure–length loop area.
At a comparable end-diastolic length of the ischemic
segment and left ventricular pressure (panel D),
dobutamine infusion caused a much more pro-
nounced effect on the ischemic regional function
than afterload II (panel C).
Table 6. Results of Multivariate Regression Analysis of
Hemodynamic Determinants of Systolic Bulging
F Value p Value
Main effects
1dP/dt 261.18 , 0.0001
EDP 235.61 , 0.0001
LVP 4.41 , 0.0359
Interactions
1dP/dt and LVP 129.74 , 0.0001
EDP and LVP 43.61 , 0.0001
1dP/dt and EDP 4.53 , 0.0335
Abbreviations as in Table 1.
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of changes in end-diastolic pressure and peak 1dP/dt, contrib-
uted to changes in systolic bulging. However, this effect was far
less important than that of changes in end-diastolic pressure
and peak 1dP/dt. Furthermore, at a predefined preload,
systolic bulging was significantly increased only when an in-
crease in left ventricular systolic pressure was accompanied by
an increase in peak1dP/dt. These findings may at a first glance
be somewhat at odds with the observations of Noma et al. (18),
who demonstrated an increase, albeit modest, in percent
isovolumetric bulging from 213.61% to 214.39% when left
ventricular pressure was increased from 70 to 90 mm Hg. In
the present study, we were unable to show a statistically
significant increase in bulging over a similar pressure range
(Table 5). However, unlike Noma et al. (18), the pressure
increase in our experiments was not associated with an in-
crease in peak 1dP/dt. It seems therefore reasonable to
conclude that modest increases in left ventricular pressure
alone would have a minimal effect on the extent of bulging and
that the modest increase in bulging observed by Noma et al.
(18) may have been due to the simultaneous increase in left
ventricular pressure and peak 1dP/dt.
In contrast to the afterload-related interventions, inotropic
stimulation profoundly affected ischemic regional function,
causing a dose-dependent increase in percent systolic bulging
and ischemic regional stroke work, whereas halothane de-
creased the extent of bulging (Table 5). The latter finding that
a negative inotropic intervention reduces systolic bulging is
consistent with previous observations on the effects of propran-
olol in dogs (39) and humans (9). The representative example
shown in Figure 3 underscores the striking difference in the
effect of afterload-related interventions versus inotropic stim-
ulation on the regional pressure–length loops of the ischemic
and nonischemic territories. The impact of peak 1dP/dt as an
independent determinant of systolic bulging was further dem-
onstrated by the relative importance that multivariate analysis
gave to this variable.
Taken together, these data suggest that in addition to
preload, the rate of pressure (tension) development is the
other principal determinant of systolic bulging, whereas the
effect of afterload on bulging appears far less important.
Possible implications. As stated earlier, the effects of
segmental dyskinesia are not confined to the mechanical
behavior of the ischemic segment, but also affect nonischemic
segmental shortening and overall left ventricular performance
and may contribute to the metabolic and functional deteriora-
tion of the ischemic myocardium (6). Several investigations
(3,15,16,18) have shown that the extent of systolic bulging in
the ischemic region is directly associated with the extent of
isovolumetric shortening (wasted shortening) in the nonisch-
emic region. Thus, the mechanical disadvantage imposed by
ischemic bulging on the nonischemic region is more pro-
nounced at lower preload levels. Furthermore, Bogen et al. (4)
also predicted that overall left ventricular pump performance
is likely to be affected by the size and stiffness of the ischemic
zone. Finally, Gayeaert et al. (5) reported that dyskinesia is
coupled with a threefold increase in oxygen requirements
compared with that of the unstressed, nonbulging myocardium
and was true even in segments in which dyskinesia was not due
to regional ischemia but to selective intracoronary lidocaine
injection. Feng (40) showed that oxygen consumption in
noncontracting muscle could be increased by passive stretch.
Therefore, the greater the extent of bulging, the more likely
ischemic damage may worsen by increasing the oxygen require-
ments. These points are obviously relevant to the clinical
situation in which positive inotropic agents may be adminis-
tered for the treatment of heart failure and cardiogenic shock
in patients with a myocardial infarction. The anticipated
hemodynamic gain of a positive inotropic intervention may be
partially offset by increasing left ventricular asynchrony. These
effects may be more pronounced when the left ventricular
preload is significantly decreased.
Limitations of the study. A possible limitation of the
present investigation relates to the duration of the coronary
occlusions because the extent of systolic bulge may vary with
longer durations of myocardial ischemia. However, it has been
documented (1,34) that within 60 s of coronary occlusion, the
detrimental effects of ischemia on active shortening are appar-
ent to their fullest extent, and there is little change over the
following 2 h. In addition, it has been shown (1,34) that after 1
to 5 min of ischemia, the mechanical function of the ischemic
segment returned to preocclusion levels within 20 min of
reperfusion. In the present experiment, we chose to limit the
coronary occlusions to 90 s, a time interval that is likely to be
associated with almost entirely passive motion of the ischemic
segment and that is expected to allow complete recovery within
a 20-min reperfusion period.
A second limitation of the study was that the different
interventions were not randomly introduced, which may have
biased the results. We believe this to be unlikely because the
animal preparation remained stable throughout the duration
of the experiment, as shown by the recovery of regional
function after each coronary occlusion (Table 4). The results
may have been further biased by the possibility that repeated
occlusion of the same coronary artery could have produced a
preconditioning effect on the dependent myocardial region.
Although we cannot exclude this possibility, it is likely that if
preconditioning were present, it would have affected the latter
stages of the experiment (dobutamine infusions) by limiting
the effects of ischemia on wall motion. Because bulging was
more pronounced with dobutamine-related interventions, this
finding supports rather than detracts from the conclusions of
this study.
Conclusions. The present study examined the interrelated
effects of preload, afterload and inotropy on the extent and
rate of systolic bulging. By using different loading and inotropic
interventions and analyzing regional wall motion behavior over
a range of regional preloads, it became apparent that preload
and the rate of pressure (tension) development are the prin-
cipal determinants of systolic bulging. Increases in left ventric-
ular pressure alone had a minimal effect on systolic bulging.
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